Catharanthus roseus cell suspension cultures converted exogenously added curcumin to a series of curcumin glucosides that possessed drastically enhanced water solubility. A cDNA clone encoding a glucosyltransferase responsible for glucosylation of curcumin to form curcumin 4 0 -O-glucoside was previously isolated, and in the present study a novel sugar-sugar glycosyltransferase, UDP-glucose:curcumin glucoside glucosyltransferase (UCGGT), was purified approximately 900-fold to apparent homogeneity from cultured cells of C. roseus. The purified enzyme (0.2% activity yield) catalyzed 1,6-glucosylation of curcumin 4 0 -O-glucoside to yield curcumin 4 0 -O-gentiobioside. The molecular weight and isoelectric point were estimated to be about 50 kDa and 5.2, respectively. The enzyme showed a pH optimum between 7.5 and 7.8. Both flavonoid 3-O-and 7-O-glucosides were also preferred acceptor substrates of the enzyme, whereas little activity was shown toward simple phenolic glucosides such as arbutin and glucovanillin, cyanogenic glucoside (prunasin) or flavonoid galactoside. These results suggest that UCGGT may also function in the biosynthesis of flavonoid glycosides in planta.
Introduction
Higher plants produce and accumulate diverse small molecule glycosides, many of which have interesting and sometimes potent pharmacological activities. This diversity arises from structural variation in both the aglycone and sugar moieties, and the latter reflects the presence of large numbers of glycosyltransferase-encoding genes in the plant genome (Bowles 2002) . Family 1 glycosyltransferases (GTs) catalyze the transfer of a glycosyl group from uridine 5 0 -diphosphosugars (UDP-sugars) to low molecular weight acceptor substrates (Lim and Bowles 2004) . As a class, Family 1 GTs can recognize a wide range of acceptor substrates including endogenous metabolites as well as xenobiotics, and their ability to display both strict control of regio-and stereo-selectivity as well as high catalytic efficiency, make them potentially useful general biocatalysts in glycoside synthesis (Lim 2005) . Enzymatic glycosylation using recombinant GTs has attracted considerable research interest, but most of this work has focused on glycosylation of aglycones, whereas only a few reports have described GTs that transfer additional sugar groups to an existing sugar moiety on glycosides and thus generate structural diversity within small molecule glycosides (for a review, see Bowles et al. 2006) .
In a previous report, we showed that Catharanthus roseus cell suspension cultures were capable of sequentially glucosylating exogenously supplied curcumin to form a series of curcumin glucosides (Fig. 1A , Kaminaga et al. 2003) . These glucosylation reactions could be envisaged to reflect the presence of two GTs, one transferring a glucosyl residue to one of two hydroxyl groups of curcumin and the other catalyzing glucosyl transfer to the 6 00 -hydroxyl group of the glucose moiety of curcumin glucoside to form curcumin gentiobioside (Fig. 1B) . A cDNA encoding the first GT, UDP-glucose : curcumin glucosyltransferase (UCGT), was earlier cloned and characterized from C. roseus cell suspension cultures (Kaminaga et al. 2004 , Masada et al. 2007 ). Here we describe the purification and characterization of the second enzyme, UDP-glucose: curcumin glucoside 1,6-glucosyltransferase, which we hereafter refer to as UCGGT. To our knowledge, this is the first report describing purification and characterization of a 1,6-glucosyltransferase acting upon phenolic glucosides.
Results

Purification and characterization of UDP-glucose:curcumin glucoside glucosyltransferase (UCGGT)
Since previous work had established that the activity of C. roseus cells to glucosylate curcumin was enhanced by addition of methyl jasmonate (MJ) to the cell cultures (Kaminaga et al. 2003) , MJ-treated cells were used as the starting material for enzyme purification. For monitoring UCGGT enzyme activity during purification we used curcumin 4 0 ,4 00 -O-diglucoside (Cdg) as the acceptor substrate in order to distinguish glucosyl transfer activity toward the glucosyl moiety of curcumin glucoside (UCGGT activity) from activity toward a free phenolic hydroxyl group of curcumin (UCGT activity). UCGT activity was tracked in the same protein fractions by using curcumin as the acceptor substrate. The seven-step purification protocol that yielded purified UCGGT (summarized in Table 1 ) enabled the complete separation of UCGGT and UCGT activities by employing hydroxyapatite chromatography (Fig. 2) . Dye-ligand chromatography in which UCGGT activity bound to Cibacron Blue 3GA-agarose could be eluted with 50 mM KI in Tris-HCl buffer provided an additional efficient fractionation step. Following a final purification by isoelectric focusing, the enzyme was apparently homogeneous as assessed by SDS-PAGE (Fig. 3) . The specific activity of the final enzyme preparation (900-fold purified with 0.2% activity yield) was 22 nkat mg À1 protein (Table 1 ). The molecular mass of the UCGGT protein as estimated by its mobility in SDS-PAGE (50 kDa) (Fig. 3) was consistent with the value estimated by gel filtration on Sephacryl S-200, indicating that the enzyme was monomeric. The pI of the UCGGT as determined by isoelectric focusing was 5.2.
Catalytic properties of UCGGT
Reaction of the partially purified enzyme (after the hydroxyapatite chromatography step) with curcumin 4 0 -O-glucoside (Cmg) yielded a single product which co-migrated with an authentic sample of curcumin 4 0 -O-gentiobioside (Cmgen; Kaminaga et al. 2003 ) in reverse-phase HPLC (Fig. 4A ). The product isolated by preparative HPLC and subjected to nuclear magnetic resonance (NMR) analysis yielded an HMBC (heteronuclear multibond connectivity) spectrum that exhibited correlation of the H-1b signal ( 65.09) of glucose with C-6a Kaminaga et al. 2003) . When the enzyme was incubated The enzyme activity of the pooled fraction at each step was assayed after the enzyme was desalted on a PD-10 column. Proteins were visualized by silver staining. 1, crude protein extract; 2, after 80% ammonium sulfate precipitation; 3, active fractions after anion-exchange chromatography on QAE-Toyopearl; 4, after hydrophobic interaction chromatography on phenyl-Sepharose; 5, after hydroxyapatite chromatography; 6, after dye-ligand chromatography on Cibacron Blue 3-GA-agarose; 7, after gel filtration on Sephacryl S-200; 8, after isoelectric focusing on PBE 94. A 4 mg aliquot of proteins was applied to the SDS-polyacrylamide gel in lanes 1-5. In lanes 6, 7 and 8, amounts of 2, 1 and about 0.1 mg, respectively, of proteins were subjected for analysis.
with Cdg, an initial product peak corresponding to curcumin 4 0 -O-b-gentiobiosyl-4 00 -O-b-glucoside first appeared, which was subsequently accompanied by a second product peak corresponding to curcumin 4 0 ,4 00 -O-b-digentiobioside (Fig. 4B ). In neither case was any additional product detected even after prolonged incubation, and no product was detected when the curcumin aglycone alone was used as acceptor substrate. These results indicate that the enzyme mediates the conversion of curcumin glucoside to curcumin gentiobioside and is therefore defined as UDP-glucose:curcumin glucoside 1,6-O-glucosyltransferase (UCGGT). The apparent K m values for the Cmg and Cdg substrates are 93.9 and 167 mM, respectively, while the K m for UDP-glucose was 326 mM. The partially purified enzyme was active over a pH range of 6.0-9.0 with maximum activity between pH 7.5 and 7.8 (data not shown), and did not show any significant loss of the glucosyltransferase activity when stored for up to 1 month at 48C.
Substrate specificity of UCGGT
The glucosyl acceptor specificity of UCGGT was examined using various phenolic glucosides, as shown in Fig. 5 . HPLC analysis revealed the formation of a product with higher water solubility than the substrate when flavonoid glucosides were used as acceptor substrates, whereas no such products were detected from other phenolic glucosides. A product peak detected when UCGGT was incubated with kaempferol 3-O-glucoside displayed a retention time and UV spectrum consistent with those of authentic kaempferol 3-O-gentiobioside. The products from quercetin 3-O-glucoside, myricetin 3-O-glucoside and luteolin 7-O-glucoside were also tentatively identified as their gentiobioside derivatives. Although these flavonoid metabolites could serve as UCGGT substrates, kinetic analysis revealed that Cmg was the most favorable acceptor substrate among those examined. Among the flavonoid derivatives tested, UCGGT exhibited appreciable activity toward kaempferol 3-O-glucoside and quercetin 3-O-glucoside (Table 2) , while the K m value and specific activity for luteolin 7-O-glucoside were almost 10-fold higher and 8-fold lower, respectively, than those for kaempferol 3-O-glucoside. UCGGT exhibited glycosyl transfer activity with UDP-galactose as a glycosyl donor substrate. Although the apparent K m for UDP-galactose was lower than that for UDP-glucose, the specific activity was only about a quarter of that for UDP-glucose (Table 2) .
Effect of methyl jasmonate on UCGGT activity
Since glucosylation of curcumin in the cultured C. roseus cells was enhanced by addition of MJ to the cell suspensions (Kaminaga et al. 2003) , the effects of MJ treatment on the extractable activity of UCGT and UCGGT were examined. MJ was added to the cell suspension cultures 4 d after cell inoculation, at a final concentration of 250 mM. The cells were collected at appropriate time intervals after the addition of MJ and the glucosylation activity of the enzyme preparation after the ammonium sulfate precipitation step was assayed by using either curcumin (for the UCGT activity) or Cdg (for the UCGGT activity). As shown in Fig. 6 , both the UCGT and UCGGT activities were up-regulated about 2-fold by addition of MJ to the cultures. The UCGT activity increased rapidly after a 4 h lag period and reached its maximum value 24 h after MJ addition. In contrast, the UCGGT activity gradually increased until 48 h post-MJ addition, with a lag period of 8 h.
Discussion
In contrast to the intensive research interest in plant GTs mediating sugar transfer to small molecule aglycones, there have been only a few reports on sugar-sugar GTs that glycosylate the sugar moiety of glycosides. These include flavanone glucoside 1,2-rhamnosyltransferase from citrus (Bar-Peled et al. 1991 , Frydman et al. 2004 , ginsenoside Rd glucosyltransferase from Panax notoginseng (Yue and Zhong et al. 2005) , steviol glucoside glucosyltransferases from Stevia rebaudiana (Richman et al. 2005) , anthocyanidin glucoside glucosyltransferase from Japanese morning glory (Morita et al. 2005 ) and anthocyanin 1,2-glucuronosyltransferase from red daisy (Sawada et al. 2005) . No GT responsible for production of phenolic gentiobiosides has been identified previously, although phenolic gentiobiosides such as kaempferol 3-O-gentiobioside (Moriyama et al. 2003) , prunetin 4 0 -O-gentiobioside (Nagarajan et al. 2006 ), rudrotusarin 6-O-gentiobioside (Choi et al. 1994 ) and amygdalin are widely distributed in higher plants. 
1,6-Glucosyltransferase from Catharanthus roseus 1639
In the present study, we purified UCGGT, an enzyme that transfers a glucose molecule from UDP-glucose onto the 6-OH group of the glucosyl moiety of curcumin glucoside, from C. roseus cell suspension cultures. To the best of our knowledge, this is the first complete purification of a glucose (1 ! 6) glucosyltransferase acting upon phenolic glucosides.
Among the various purification steps examined, hydroxyapatite and dye-ligand chromatographic fractionation proved particularly effective. Hydroxyapatite chromatography gave the best separation of UCGGT from UCGT activity. Dye-ligand chromatography has proven effective in other studies involving purification of nucleotide-requiring enzymes (Lowe and Pearson 1984) , including GTs (Vogt et al. 1997) . We examined various dye-ligand resins and found that UCGGT effectively bound to Cibacron Blue 3GA-and Reactive Green 19-agarose resins. However, neither UDP, UDP-glucose nor Cdg was able to elute the enzyme from the loaded resins. Nonspecific elution with NaCl or KCl was also unsuccessful, but we found that UCGGT could be eluted from Cibacron Blue 3GA-agarose by using 50 mM KI. At this concentration, KI inhibited the enzyme activity about 35%. The enzyme was considerably purified in this step, though many other proteins were eluted along with UCGGT. Unspecific elution of GTs from a dye-ligand resin using KI was also reported for serum glycosyltransferases such as a-1,2-fucosyltransferase and b-1,4-galactosyltransferase (Kamin´ska et al. 1999) .
Affinity purification of GTs using UDP-glucuronic acid-agarose has been reported (Lewinsohn et al. 1989 , McIntosh et al. 1990 , Taguchi et al. 2000 ), but we found that neither UDP-glucuronic acid-agarose nor UDPhexanolamine-agarose bound UCGGT. These results suggest that UCGGT may possess a structure differing in its 'nucleotide-binding fold' from other GTs that could be separated effectively by affinity chromatography (Bar-Peled et al. 1991 , Vogt et al. 1997 , Taguchi et al. 2000 . The molecular weight (50 kDa) and pI (5.2) of UCGGT were within the range of those of plant GTs reported so far. Amino acid sequencing of either the N-terminus or trypsindigested fragments of the purified enzyme has thus far yielded no results, probably because the amount of purified protein available was inadequate. Instead of repeating the laborious multistep purification of UCGGT starting from larger amounts of the cell materials, homology-based cloning can be a useful alternative approach for isolating the UCGGT cDNA.
The product of UCGGT using Cmg as acceptor was unambiguously determined as curcumin 4 0 -O-glucopyranosyl-b-(1 ! 6)-glucopyranoside (Cmgen) by 1 H-and 13 C-NMR and HMBC measurements. Extended incubation with a larger amount of enzyme did not yield any additional products, indicating that UCGGT transfers a single glucose molecule to its substrate and does not catalyze further glucose chain elongation.
Kinetic analysis of UCGGT revealed that Cmg is the most favorable substrate but that the enzyme can also The product concentration was calculated using a calibration line for kaempferol 3-O-glucoside. c Enzyme assays were performed using Cmg as a glycosyl acceptor substrate.
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The product concentration was calculated using a calibration line for Cmgen. UCGT assay or Cdg for UCGGT assay, using an 80% ammonium sulfate precipitate after desalting. The specific activity in the enzyme preparation before MJ addition was 2.6 and 1.9 pkat mg
À1
protein for UCGT and UCGGT activity, respectively. Each point indicates an average from triplicate cultures. The entire experiment was repeated twice with essentially the same result, and one representative data set is shown here.
transfer a glucose molecule to various flavonol 3-O-glucoside acceptors. Luteolin 7-O-glucoside was a relatively poor acceptor substrate compared with flavonol 3-O-glucosides, but it is not clear whether this is due to the structure of the aglycone (flavone) or to the 7-O-glucose substitution pattern. UCGGT is capable of glucosylating flavonoid glucosides with affinity similar to curcumin glucoside, but is unable to convert other phenolic glucosides to their gentiobioside derivatives. Therefore, it is possible that UCGGT functions in planta in the flavonoid biosynthesis pathway as a glucoside glucosyltransferase, although the presence of flavonoid gentiobioside has not been reported in either the cultured cells or the differentiated organs of C. roseus so far. We could not detect UCGGT activity in C. roseus plants probably because the activity is very low in the organs of the healthy plants. Another possibility is that UCGGT is a defense-related UGT involved in the detoxification of xenobiotics (Loutre et al. 2003 , Taguchi et al. 2003 considering that UCGGT activity was increased by addition of MJ to C. roseus cells. However, this seems to be less likely because UCGGT do not exhibit the glucosylation activity toward simple phenolic glucosides such as salicin, arbutin and p-nitrophenylb,D-glucoside. It would be interesting to test this hypothesis by conducting a knock-down of the UCGGT expression and examining how this affects the profiles of flavonoid glycosides in C. roseus as well as to monitor the biosynthesis of flavonoid glycosides in the cultured cells upon the addition of various elicitors in relation to the changes in the UCGGT activity. Although Bisht et al. (2007) recently showed that nanoparticle encapsulation can be a future approach for rendering hydrophobic agents dispersible in aqueous media, glucose chain elongation has attracted attention over the years for drastically enhancing the water solubility of phenolic glucosides. For example, glucopyranosyl-rutin has 30,000-fold higher water solubility than rutin (Suzuki and Suzuki 1991) and Cmgen exhibited 10,000-fold higher water solubility than Cmg (Kaminaga et al. 2003) , and enzymatically modified rutin and enzymatically modified isoquercitrin have been used as water-soluble antioxidative food additives. However, because these compounds are produced using a Bacillus-derived cyclodextrin cyanoglucanotransferase, it is difficult to control the number of glucose moieties incorporated into the substrates, and the products of the enzymatic glucosylation are generally mixtures of glucosides with different numbers of sugar molecules (Akiyama et al. 2000) , requiring additional purification steps for commercial use. Since UCGGT transfers one glucose molecule with strict regioselectivity toward various flavonoid glucosides, it appears to be a promising biocatalyst for manufacturing water-soluble flavonoid antioxidatives, once the corresponding recombinant enzyme is available. To this end, cDNA cloning and bacterial expression of UCGGT are now under investigation.
Materials and Methods
Plant material
Catharanthus roseus cell suspension cultures were maintained in LS medium (Linsmaier and Skoog 1965) supplemented with 3% sucrose, 1 mM 2,4-dichlorophenoxyacetic acid and 1 mM kinetin. The cells were cultured on a rotary shaker (100 r.p.m.) at 258C in the dark, and subcultured at 2-week-intervals. MJ was dissolved in dimethylsulfoxide (DMSO) and aseptically added to the cultures through membrane filters at a final concentration of 250 mM, 3 d after cell inoculation. The cells were collected by vacuum filtration 48 h after addition of MJ, immediately frozen in liquid nitrogen and stored at À708C until use.
Chemicals
Curcumin glucosides were from our laboratory stock. Kaempferol 3-O-gentiobioside and flavonoid 3-O-glucosides were generous gifts from Dr. T. Iizuka, Hoshi University and Mr. R. Shimizu, San-Ei Gen F.F.I., Inc., respectively. All other chemicals were commercial reagent grade quality.
Enzyme purification
All purification steps were carried out at 0-48C. Protein was determined by the Bradford dye-binding method (Bradford 1976) with bovine serum albumin as a standard. SDS-PAGE was carried out according to Laemmli (1970) and the proteins were visualized by silver staining. Frozen cells (100 g) were homogenized using a Polytron homogenizer in 240 ml of extraction buffer [50 mM TrisHCl buffer, pH 7.5, 5 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride and 6% (w/v) polyvinylpolypyrrolidone]. The homogenate was filtered through two layers of Miracloth (Merck Biosciences, Darmstadt, Germany) and centrifuged at 12,000 Â g for 20 min. The supernatant was collected and used as crude enzyme extract.
Step 1: ammonium sulfate precipitation. Solid ammonium sulfate corresponding to 80% saturation was added to the crude extract. The resulting precipitate was collected by centrifugation at 12,000 Â g for 20 min, dissolved in 50 ml of 20 mM Tris-HCl, pH 7.5, containing 0.5 M KCl and desalted on PD-10 columns (GE Healthcare Bio-Science, Buckinghamshire, UK) with 70 ml of 20 mM Tris-HCl, pH 7.5.
Step 2: anion-exchange chromatography. The enzyme solution (70 ml) was applied to a QAE-TOYOPEARL 550C (TOSOH, Tokyo, Japan) column which was equilibrated with 20 mM TrisHCl, pH 7.5. The column was washed with the equilibration buffer, and the enzyme was eluted with a linear gradient formed from 50 ml of 20 mM Tris-HCl, pH 7.5, and 0.5 M KCl in 20 mM Tris-HCl, pH 7.5. The flow rate was 2 ml m
À1
, and 1 ml fractions were collected for enzyme assay. The active fractions were pooled.
Step 3: hydrophobic interaction chromatography. Ammonium sulfate was added to the enzyme solution from the preceding step to a final concentration of 1 M. The enzyme solution was then applied to a Phenyl Sepharose 6 Fast Flow (GE Healthcare BioScience) column, equilibrated with 1 M ammonium sulfate in 20 mM Tris-HCl, pH 7.5. The column was washed with the buffer used for equilibration, and the enzyme was eluted with a linear gradient formed from 35 ml of 1 M ammonium sulfate in the buffer and 35 ml of the buffer without ammonium sulfate. The flow rate was 1.5 ml m
, and 1 ml fractions were collected for the 1,6-Glucosyltransferase from Catharanthus roseusenzyme assay. The active fractions were pooled (20 ml) and desalted on PD-10 columns with 28 ml of 10 mM sodium phosphate buffer (Na-Pi), pH 7.5.
Step 4: hydroxyapatite chromatography. The enzyme solution (28 ml) from the preceding step was applied to a Bio-Gel HTP Gel (Bio-Rad, Hercules, CA, USA) column which was equilibrated with 10 mM Na-Pi, pH 7.5. After the column was washed with the equilibration buffer, the enzyme was eluted with a linear gradient formed from 40 ml of 10 mM Na-Pi, pH 7.5, and 40 ml of 0.4 M Na-Pi, pH 7.5. The flow rate was at 1 ml m
, and 1 ml fractions were assayed for the activity. The active fractions were pooled and stored at 48C until further use.
Step 5: dye-ligand chromatography. Purification through steps 1-5 was repeated four times and the active fractions after step 5 were pooled and subjected to further purification. The pooled enzyme solution (30 ml) was buffer-exchanged on PD-10 columns with 42 ml of 50 mM Tris-HCl, pH 7.5, and applied to a Cibacron Blue 3GA-agarose (Sigma, St Louis, MO, USA) column equilibrated with 50 mM Tris-HCl, pH 7.5. The column was washed with the equilibration buffer and the enzyme was eluted by a stepwise gradient formed from 20 ml each of 0.05 M KI, 0.1 M KI and 0.3 M KI in 50 mM Tris-HCl, pH 7.5. The flow rate was 1 ml m
, and 1 ml fractions were collected for determination of the enzyme activity. The active fractions were pooled and concentrated by ultrafiltration (Amicon Ultra-15; Millipore, Bedford, MA, USA).
Step 6: gel filtration chromatography. The Amicon Ultra-15 concentrate (0.8 ml) was applied to a Sephacryl S-200 HR (GE Healthcare Bio-Science) column equilibrated with 50 mM Tris-HCl buffer, pH 7.5. Proteins were eluted with the same buffer at a flow rate of 0.5 ml m À1 , and 0.5 ml fractions were collected for activity assay. The active fractions were pooled.
Step 7: chromatofocusing. The enzyme solution (2.5 ml) from the preceding step was buffer-exchanged on a PD-10 column with 3.5 ml of 25 mM imidazole-HCl, pH 7.4, and applied to a PBE 94 (GE Healthcare Bio-Science) column equilibrated with 25 mM imidazole-HCl, pH 7.4. The column was washed with the equilibration buffer and the enzyme was eluted with 35 ml of 8-fold diluted Polybuffer 74 (GE Healthcare Bio-Science), pH 7.4 (adjusted with HCl). The flow rate was 0.25 ml m À1 , and 0.5 ml fractions were collected. The pH of each fraction was measured, and 50 ml of 1 M Tris-HCl, pH 7.5, was added to each fraction to adjust the pH prior to activity analysis. The active fractions were pooled.
Enzyme assay
The standard reaction mixture (total volume 50 ml) contained 50 mM Tris-HCl pH 7.5, 2 mM UDP-glucose, 250 mM Cdg and the enzyme preparation. For assay of UCGT activity, 250 mM curcumin was used instead of Cdg. The incubation time varied between 10 and 120 min, depending on the activity of the preparation. After incubation at 308C, the reaction was terminated by the addition of 100 ml of methanol. After centrifugation at 12,000Âg for 10 min, the reaction products were analyzed by HPLC. HPLC analysis was performed on a reversed phase column (COSMOSIL 5C18-ARII, 4.6 Â 150 mm; Nacalai Tesque, Kyoto, Japan) and the elution was monitored at 423 nm. The following solvent conditions were used: for monitoring the enzyme activity during purification, isocratic elution with 49% methanol; for identification and quantification of the enzymatically formed curcumin glucosides, 0-14 min, 40-79% methanol; 14-15 min, 79-100% methanol; 15-20 min, 100% methanol. HPLC conditions for the analysis of substrate specificity toward various phenolic glucosides are described in Supplementary Table S1 .
Determination of the molecular weight
The molecular mass of UCGGT was estimated by gel filtration on Sephacryl S-200 with the partially purified fraction after the dye-ligand chromatography. As external standards, yeast alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), bovine carbonic anhydrase (29 kDa) and horse heart cytochrome c (12.4 kDa) were used.
Enzyme kinetics
For determining the kinetic parameters, enzyme assays were performed in duplicate at each substrate concentration with 15 mg of the partially purified enzyme (after the hydroxyapatite chromatography) at 308C for 20 min. The substrate concentrations used were 0.05-1.25 mM phenolic glucoside with UDP-glucose at 2 mM for acceptor kinetics and 0.1-4 mM UDP-glucose with Cmg at 0.4 mM for donor kinetics. The initial velocity data were visualized by Lineweaver-Burk plots, and kinetic parameters were calculated based on linear regression analysis using Excel 2003 (Microsoft Japan, Tokyo, Japan).
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